Introduction
Na,K-ATPase is an integral membrane protein expressed in all eukaryotic cells where it functions as a key regulator of intracellular sodium (Na + ) 1 and potassium (K   +   ) concentrations (1) . Recent studies however, point to an additional role for Na,K-ATPase as a signal transducer (2) (3) (4) (5) . Importantly, Na,K-ATPase has an endogenous ligand, ouabain, a steroid hormone that dose-dependently inhibits the activity of Na,K-ATPase.
The biological role of ouabain is, despite extensive research, not well understood.
Ouabain belongs to the family of cardiac glycosides which have been used for centuries in the treatment of heart disease. Recently, several investigators have noted that cardiac glycosides may act as anticancer agents (6,7).
We have described a new cell signaling pathway triggered by ouabain (2) . Using rat renal proximal tubule (RPT) cells, we showed that exposure to concentrations of ouabain that cause only partial inhibition of Na,K-ATPase activity induces slow intracellular calcium (Ca
2+
) oscillations and subsequent activation of the transcription factors NF-κB and CREB. Our results from that study indicated that Ca 2+ oscillations occurred as an interplay between different Ca 2+ transporters and that Ca 2+ release via the inositol 1,4,5-trisphosphate (InsP 3 ) receptor (InsP 3 R) was involved in this event. Na,KATPase does not possess the characteristics of a G-protein coupled receptor. Given the generality of Na,K-ATPase expression and its significant role in cell homeostasis, it is important to identify the molecular mechanisms by which Na,K-ATPase can act as a signal transducer. Here we show that the generation of Ca 2+ oscillations by ouabain is dependent on the physical association of Na,K-ATPase and InsP 3 R in a signaling microdomain.
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For FRET control experiments, the cytosolic NH 2 -terminus of aquaporin-4 (AQP4)
was tagged with GFP to obtain pGFP-AQP4 (9) . InsP 3 R type 1 ligand binding protein (226-604 amino acids) with point mutation (R441Q) encoding InsP 3 -sponge was cloned into a pEF-BOS-MCS vector (pEF-GSTm49-IRES-GFP) (10) . pEGFP-actin was from Clontech.
Cell Culture and Transfections
Three types of renal cells were used: primary cultures of rat RPT cells prepared as described (11) , COS-7 cells, a cell line derived from fetal monkey kidney, and LLC-PK 1 cells, a cell line derived from pig kidney. GFP-NKAα1 was stably expressed in COS-7 cells (12) . Either pGFP-NKAα1, pGFP-NKAα1.M32, pEF-GSTm49-IRES-GFP, or pEGFP-actin was transiently transfected into RPT cells on culture day two using CLONfectin (Clontech). pGFP-AQP4 was transiently transfected into COS-7 cells on culture day two using CLONfectin (Clontech).
Reagents
Reagents were used at the following concentrations: cyclopiazonic acid (CPA) 20 µM, cytochalasin D (CytD) 5 µM, ouabain 100 pM -250 µM, 2-aminoethoxydiphenyl borate (2-APB) 5 µM, bradykinin 0.5 µM, and U73122 5 µM. All reagents were from Sigma.
Intracellular Calcium and Sodium Measurements
Intracellular Ca 2+ and Na + measurements were performed using Fura-2/AM and SBFI/AM (Molecular Probes), respectively, as previously described (2, 11 washed, incubated with 2x Laemmli buffer and supernatants were subjected to SDS-gel electrophoresis using 6% acrylamide gels. Membranes were incubated overnight with a mouse monoclonal anti-InsP 3 R3 antibody (1 µg/ml; KM1082) and then for 1 hour using a horseradish peroxidase-conjugated secondary antibody (1:5000) prior to detection using ECL plus (Amersham Pharmacia Biotech). The resultant protein bands were scanned digitally and densitometrically analyzed by BioRad QuantitativeOne software.
GST-pull Down Assay
GST-NKAα1.N95 was produced in the BL21 strain of Escherichia coli and purified with glutathione-Sepharose 4B beads (Amersham Biosciences). Non-recombinant GST was used as a control. Detergent-extracted RPT cell lysate (prepared as described above for the co-immunoprecipitation protocol) was added to the beads in a 5 to 1 ratio (v/v) and incubated overnight at 4°C with gentle rotation. Beads were washed and resuspended in 2x Laemmli buffer prior to SDS-gel electrophoresis (6% gel) and immunoblotting for InsP 3 R3.
Data Presentation and Analysis
Data are presented as means ± SEM (standard error of mean) of a minimum of ten experiments, unless indicated otherwise. Student's t-test was used and significance was accepted at p < 0.05.
Results
In accordance with previous observations (2) between Na,K-ATPase and InsP 3 R (Fig. 3a,b) .
To confirm that the observed FRET between Na,K-ATPase and InsP 3 R3 was a unique property of this pair of proteins and not merely the result of non-specific experimental artifacts, we designed control experiments using another integral plasma membrane protein, namely aquaporin-4 (AQP4). For these negative control experiments, GFP-AQP4 was expressed in COS-7 cells. FRET analysis was performed using GFP-AQP4 (donor) and the same Cy3-labeled secondary antibody to detect the InsP 3 R3 antibody (InsP 3 R3-Cy3, acceptor). No change in donor emission ratio before and after acceptor photobleaching was found for this molecular pair (data not shown).
This result indicates that FRET between Na,K-ATPase and InsP 3 R3 is not likely a result of non-specific effects of the fixation protocol on plasma membrane and ER membrane integrity and strengthens the conclusion that the physical association between Na,KATPase and InsP 3 R3 is specific.
Co-immunoprecipitation studies added further support to the concept that Na,KATPase and InsP 3 R are linked together in a microdomain. As shown in immunoprecipitated Na,K-ATPase (Fig. 3c,d ). The propensity of InsP 3 R3 to co-immunoprecipitate with Na,K-ATPase was also demonstrated in RPT and LLC-PK 1 cells (Fig. 3e) . InsP 3 R isoforms form heterotetrametric channels (24) , and as expected, InsP 3 R2 co-immunoprecipitated with InsP 3 R3 in all cell types (Fig. 3e ).
Both Na,K-ATPase and InsP 3 R bind to cytoskeleton proteins that are anchored by the actin network (25, 26) . To examine whether the signaling function of the Na,KATPase/InsP 3 R complex depends on an intact cytoskeleton, RPT cells were pre-treated with cytochalasin D (CytD) to de-polymerize the actin cytoskeleton (Fig. 4a) . Ouabaininduced Ca 2+ oscillations (Fig. 4b) , and FRET between Na,K-ATPase and InsP 3 R3 (Fig.   4c ,d) were completely abolished in CytD pre-treated cells. Also, no InsP 3 R3 coimmunoprecipitated with Na,K-ATPase in cells pre-treated with CytD (Fig. 4e ).
Bradykinin induced normal single Ca 2+ transients in cells pre-treated with CytD (data not shown).
The NH 2 -terminus of Na,K-ATPase α1-subunit is a flexible part of the molecule (27, 28) . We therefore initiated a series of experiments to test the cellular consequences of Na,K-ATPase NH 2 -terminal truncation. RPT cells were transfected with a Na,KATPase α1-subunit mutant, where 32 amino acids from the NH 2 -terminus were deleted (NKAα1.M32) (Fig. 5a ). To identify transfected cells, NKAα1.M32 was tagged with GFP (GFP-NKAα1.M32). GFP-NKAα1.M32 was localized predominantly at the plasma membrane (Fig. 5b ). This limited truncation was chosen because it does not significantly impact Na,K-ATPase function; truncation of 32 amino acids from the NH 2 -terminus results in a functional enzyme that possesses similar Na
properties when transfected into cells (29) . To confirm the function of the truncated enzyme on single cells, the effect of ouabain on intracellular Na + concentration was monitored. Ouabain caused a similar increase in Na + in cells expressing GFP-indicating not only that the mutant was a fully functioning enzyme, but that it also preserved its capacity to bind ouabain. Ouabain-induced Ca 2+ oscillations were not observed in GFP-NKAα1.M32 expressing cells (Fig. 5d) , where as cells expressing only endogenous Na,K-ATPase α1-subunit did oscillate. Cells transiently transfected with a GFP-tagged full length Na,K-ATPase α1-subunit exhibited ouabain-triggered Ca 2+ oscillations to the same extent as non-transfected cells (data not shown). These results indicate that the NH 2 -terminus of Na,K-ATPase α1-subunit plays a central role for induction of ouabain-induced Ca 2+ oscillations. We also performed a GST-pull down assay where GST was fused to the full length (95 aa) NH 2 -terminus of the Na,KATPase α1-subunit. GST-NKAα1.N95 pulled down InsP 3 R3 from a lysate of RPT cells, while GST alone did not pull down InsP 3 R3 (Fig. 5e ).
It was previously demonstrated that NF-κB, a well-known Ca 2+ dependent transcription factor, is more readily activated by low frequency Ca 2+ oscillations than by a sustained Ca 2+ increase (30). To exploit this effect and to determine the downstream functional implications of disturbing the communication between the NH 2 -terminus of Na,K-ATPase α1-subunit and InsP 3 R, we compared NF-κB responsiveness to ouabain in cells expressing GFP-NKAα1.M32 with neighboring cells that only expressed the endogenous Na,K-ATPase α1-subunit. Fig. 6a shows a GFP-NKAα1.M32 expressing cell and Fig. 6b shows NF-κB staining of this cell and its neighboring, untransfected cells in the same field of view following ouabain treatment for 30 min. NF-κB activation was semi-quantitatively estimated by measuring the ratio of NF-κB nuclear signal to cytosolic signal for each cell in the same field of view. Results from this analysis indicated that ouabain caused nuclear translocation of NF-κB in nontransfected cells, but was without effect in GFP-NKAα1.M32 expressing cells (Fig. 6c ).
These findings demonstrate that truncation of the NH 2 -terminus of Na,K-ATPase α1-subunit results in a functional Na,K-ATPase that resides at the plasma membrane, yet is sufficient to disrupt ouabain-induced activation of NF-κB.
Discussion
It is now generally agreed that many -if not most -important processes in the cell are controlled by proteins aggregated together in complexes (21, 22, (31) (32) (33) . The assembly of complexes that contain a receptor and components of signal machinery provides the cell with a highly selective means to engage a specific signaling pathway. The finding that ligand-bound Na,K-ATPase assembles with InsP 3 R and that this assembly can give rise to intracellular Ca 2+ oscillations with a constant periodicity in the minute range represents a novel principle for such a protein complex.
Based on our combined results, we suggest that the ouabain-induced Ca The question remains as to how the localization of Na,K-ATPase and InsP 3 R is controlled. As evidenced by our FRET and co-immunoprecipitation studies using CytD, an intact cytoskeleton is required for the physical association between Na,K-ATPase and InsP 3 R and ouabain-induced Ca 2+ signaling. This suggests that actin, or cytoskeletal proteins associated with actin, will stabilize the Na,K-ATPase/InsP 3 R complex by physical tether cross-linking. Ankyrins, a family of adaptor proteins believed to participate in the organization of proteins into specialized regions in the plasma membrane and ER Ca 2+ stores, represent an interesting putative mechanistic partner for orchestrating Na,K-ATPase and InsP 3 R proximity (25) . The complete framework of adaptor and scaffolding proteins that may be involved in facilitating the structure and signal transducing function of this microdomain is still uncertain, but our results also do not preclude the necessity of a direct physical interaction between Na,K-ATPase and InsP 3 R in this event. The activation of InsP 3 R is likely due to an allosteric effect of ouabain on Na,K-ATPase. Na,K-ATPase is a P-type ATPase that can exist in distinct E 1 and E 2 conformational states that are at least partially determined by intramolecular interactions between the NH 2 -terminus and cytoplasmic loops of the enzyme. Ouabain binds to the E 2 conformation of the Na,K-ATPase and causes a robust shift in the E 1 /E 2 poise towards E 2 forms (36). Information derived from the crystal structure of another P-type ATPase, the SERCA pump, suggests that the E 1 -E 2 state transition is accompanied by significant movement of the three cytoplasmic domains, N (nucleotide binding), P (phosphorylation) and A (actuator) (37) . A recent study (28) suggests that the NH 2 -terminus may act as an auto-regulatory domain, modulating E 1 /E 2 conformational transition. In E 1 conformation, the NH 2 -terminus is in association with the first cytoplasmic loop of Na,K-ATPase. Transition from E 1 to E 2 conformation may release the NH 2 -terminus from its interaction with the first cytoplasmic loop of Na,KATPase, thus making the NH 2 -terminus available for interaction either with the InsP 3 R directly or with a protein bridging between Na,K-ATPase and InsP 3 R. Such an effect could explain why truncation of the first 32 amino acids of the NH 2 -terminus will prevent ouabain-induced Ca 2+ oscillations. An alternative explanation is that NH 2 -terminal truncation has displaced the E 1 -E 2 conformation of Na,K-ATPase in favor of E 1 (8, 38) .
The concept that Na,K-ATPase may, in addition to its function as an ion pump, also act as a signal transducer, is now rapidly evolving (2-5). Most previous studies on the signaling role of Na,K-ATPase have been carried out on cardiac myocytes (for review see (39) ). In these cells, activation of Src kinase was found to be the primary event in the signaling cascade initiated by the ouabain/Na,K-ATPase complex, and downstream effects included phosphorylation of epidermal growth factor receptor and activation of the mitogen activated protein kinase pathway. Since cardiac myocytes exhibit spontaneous Ca 2+ sparks of high frequency, it has not yet been possible to establish whether Na,K-ATPase/InsP 3 R triggered Ca 2+ oscillations also occur in these cells.
Another model where Na,K-ATPase mediated Ca 2+ signaling is dependent on a close proximity between the plasma membrane and ER Ca 2+ stores has previously been presented (40) . In this model, Na,K-ATPase α2-and α3-subunits modulate Ca 2+ release from ER via local changes in intracellular Na + concentration. Our study was performed on cells expressing only the α1-subunit of Na,K-ATPase and the results from the protocols with the truncated NKAα1.M32 imply that increased intracellular Na Endogenous ouabain levels are high during pregnancy and in the perinatal period (44, 45) . Thus, it is of great physiological interest that the ouabain-induced slow Ca 2+ oscillations were found to activate NF-κB. This pluri-potent transcription factor activates genes modulating cell proliferation, apoptosis and development as well as responses of the immune system (46) . Cells expressing GFP-NKAα1.M32 did not respond to ouabain with Ca 2+ oscillations. In these cells ouabain did not activate NF-κB.
These findings support the physiological significance of a signaling microdomain containing Na,K-ATPase α1-subunit and InsP 3 R as a trigger mechanism for NF-κB activation.
In conclusion, we have demonstrated the existence of a cell signaling microdomain containing Na,K-ATPase and InsP 3 R that acts as a signaling pathway for Ca 
